Mosaic interspecifically acquired alleles of the multiple transferable resistance (mtr) 19 efflux pump operon correlate with reduced susceptibility to azithromycin in Neisseria 20 gonorrhoeae in epidemiological studies. However, whether and how these alleles cause resistance 21 is unclear. Here, we use population genomics, transformations, and transcriptional analyses to 22 dissect the relationship between variant mtr alleles and azithromycin resistance. We find that the 23 locus encompassing the mtrR transcriptional repressor and the mtrCDE pump is a hotspot of 24 interspecific recombination introducing alleles from N. meningitidis and N. lactamica into N. 25 gonorrhoeae, with multiple rare haplotypes in linkage disequilibrium at mtrD and the mtr 26 promoter region. Transformations demonstrated that resistance is mediated through epistasis 27 between these two loci and that the full length of the mosaic mtrD allele is required. Gene 28 expression profiling revealed the mechanism of resistance in mosaics couples the novel mtrD 29 alleles with promoter mutations enhancing expression of the pump. Overall, our results 30 demonstrate that epistatic interactions at mtr gained from multiple Neisseria has contributed to 31 azithromycin resistance in the gonococcal population. 32
and reduced susceptibility to azithromycin [7, [17] [18] [19] . Mtr mosaics appear to have originated 77 through horizontal gene exchange from other Neisseria, and have been identified by high 78 sequence homology of the repressor of the pump (mtrR) to N. meningitidis and N. lactamica. 79
Mosaics have previously been associated with an outbreak of azithromycin resistance in Kansas 80 City, MO from 1999 MO from -2000 , and also the majority of azithromycin resistance reported in 81 New South Wales, Australia [19] . While correlation between mosaic mtr and azithromycin 82 resistance suggests causality, there is little experimental evidence to confirm the association. 83
The Mtr efflux pump is comprised of the MtrC-MtrD-MtrE cell envelope proteins, which 84 together export diverse hydrophobic antimicrobial agents such as such as antibiotics, nonionic 85 detergents, antibacterial peptides, bile salts, and gonadal steroidal hormones from the cell [22] [23] [24] [25] [26] . 86
Mtr-mediated resistance to diverse antimicrobial agents in gonococcus is thought to act via 87 enhanced drug export as a result of overexpression of mtrCDE. Mutations that alter expression of 88 the pump include the mtrC 120 substitution, an adenine to guanine transition located 120 bp 89 upstream of the mtrC start codon which acts as an alternative promoter for mtrCDE [27, 28] ; an 90 A-deletion in the mtrCDE promoter that has been shown to repress the transcription of mtrR 91 while simultaneously enhancing transcription of mtrCDE [29] ; and mutations that abrogate the 92 function of MtrR by inducing premature stop codons or radical amino acid substitutions in the 93 DNA-binding motif [20, 30, 31] . However, it is unclear if resistance in mtr mosaics is derived 94 from any of these mechanisms. 95
Here, we used a combination of population genomic and experimental approaches to 96 dissect the mechanism of resistance in mosaics. We first assessed patterns of allelic diversity 97 within the gonococcal population to define the boundaries of horizontal gene transfer at 98 mtrRCDE, and found that the entire mtr region is a hotspot of interspecies recombination which 99 has introduced multiple rare and divergent mosaic alleles from N. meningitidis and N. lactamica 100 into the gonococcal population. Strong linkage disequilibrium at mtrD and the mtr promoter 101 region suggested the maintenance of epistatic allelic combinations, thus we tested for interaction 102 effects within and between mtr loci via transformation. We discovered epistatic interactions 103 across almost the entirety of mtrD, and also between mosaic mtrD and mosaic mtr promoter 104 regions, that synergistically enhanced azithromycin resistance. Furthermore, patterns of diversity 105 in this region coupled with experimental evidence suggest antibiotic-mediated selection may be 106 acting on these epistatic interactions. Finally, we tested for regulatory evolution of pump 107 components, as previous mechanisms of azithromycin resistance through the Mtr efflux pump 108 have been demonstrated to be expression-driven. Our results support that inheritance of mosaic 109 promoter regions increases the expression of mtrCDE while gaining mosaic mtrD alone does not. 110 Thus, the likely mechanism of resistance in mosaics is a structural change to mtrD, which 111 enhances the capacity of the protein to recognize or transport azithromycin, coupled with 112 increased efflux through the amplified production of pump components. 113
114

RESULTS
115
Allelic diversity suggests increased interspecies admixture at mtrRCDE 116
To gain insight into the evolutionary history of the mtrR transcriptional repressor and the 117 mtrCDE pump, we analyzed patterns of diversity using the 1102 Gonococcal Isolate Surveillance 118 Project (GISP) isolates described in Grad et al. [7, 32] . A significant increase in allelic diversity 119 was observed across mtrRCDE compared to the entire genome, with the highest diversity at mtrD 120 (Figure 1a,b; Supplementary Table 1 ). We also detected a significant enrichment of rare alleles in 6 the population across mtrRCDE (Figure 1a ,c; Supplementary Table 1 ). Linkage disequilibrium 122 was strongest at mtrD and the mtr promoter region in a comparison of all pairs of single 123 nucleotide polymorphisms (SNPs) within mtrRCDE, with higher linkage observed at pairs of 124 variant sites within each of these loci (Figure 1d ,f; Supplementary Table 1) . 125
To define interspecific admixture events within Neisseria, we characterized the 126 genealogical sorting index (gsi; [33]) to explore gene tree topology measures of species-specific 127 phylogenetic exclusivity. gsi ranges from 0 (no exclusivity) to 1 (monophyletic), and serves as a 128 metric to assess allele sharing that may arise through interspecific recombination or incomplete 129 divergence from a recent split between species. We calculated gsi for genes in a 50 kb window 130 encompassing mtrRCDE with conserved microsynteny between N. gonorrohoeae and other 131 Table 2 ). 141
There were multiple recombined mosaic haplotypes present spanning the full-length of 142 mtrD (n=80), mtrRCD (n=9), mtrRCDE (n=20), and some isolates with partial mosaic mtrD with 143 the majority of the gene homologous to native gonococcal sequence (n=13) ( Figure 2 ). Of the 109 144 isolates with full-length mosaic mtrD, 4 were 99% identical to N. meningitidis, 5 had alleles with 145 94-96% identity to N. lactamica, and the remainder had alleles that aligned equally well to N. 146 meningitidis and N. lactamica with identities ranging from 91-92%. Of the 29 isolates with 7 mosaic promoter regions identified by Grad et al. [7] , 24 were 96-98% identical to N. lactamica, 148 4 were 99% identical to N. meningitidis with the presence of a 153-bp Correia element insertion 149
[20], and 1 was 92% similar to N. meningitidis but lacked the Correia element that was present in 150 the other four N. meningitidis-like isolates. All isolates with full-length mosaic mtrD had 151 azithromycin MICs ≥ 0.25 μg/ml, while all isolates with full-length mosaic mtrD and a mosaic 152 mtr promoter had MICs ≥ 1 μg/ml ( Figure 2) . 153
Of the twenty nine mtr mosaics described in Grad et al. [7] , none had the mtrC 120 154 substitution, A-deletion, 23s ribosomal rRNA mutation A2059G, mutations in rplD, rplV tandem 155 duplications, or variants of the rRNA methylases ermC and ermB that have been associated with 156 or experimentally confirmed to be involved in azithromycin resistance [6, 7, 18, 23, 28, 29, 34] . 157 However, four isolates had the premature stop codon mutations in mtrR, and five had the C2611T 158 23s rRNA mutation [5] . 159 160
Epistasis between multiple mtr loci and within mtrD 161
We exploited the natural competence of Neisseria to explore the potential for mosaic mtr 162 alleles to produce reduced susceptibility to azithromycin by transforming susceptible strains with 163 either genomic DNA (gDNA) or PCR-amplified products from mosaic donors. Susceptible 164 recipient strains for transformations included: 28Bl [20, 35, 36] , GCGS0353, and GCGS0465 165 (MIC ≤ 0.125 μg/ml; Table 1 ). Three strains with reported mosaic mtr alleles and azithromycin 166 minimum inhibitory concentrations (MICs) ≥ 1 μg/ml were selected as donors for DNA transfer 167 (Table 1) . These isolates included GCGS0276, GCGS0834, and GCGS0402. Of these mosaics, 168 GCGS0276 had a N. meningitidis-like mtrR sequence, while GCGS0834 and GCGS0402 had N. 169 lactamica-like mtrRs. None of the donor strains had premature stop codons in mtrR or the 170 C2611T mutation. 171
Genomic DNA from GCGS0276, GCGS0402, and GCGS0834 transformed multiple 172 susceptible isolates to resistance (Table 2a ). To identify the locus responsible, we sequenced the genomes of 28Bl cell lines transformed with gDNA from mosaic donors and characterized SNPs 174 that had been inherited from donor strains that were not present in the 28Bl recipient. The only 175 common region that had been inherited across all transformants was mtrRCDE (Supplementary 176 Figure 2 ). 177
Genomics results indicated the presence of linkage disequilibrium at mtrD and the mtr 178 promoter region (Figure 1 d,f) . Thus, to test for possible interaction effects that contribute to 179 antibiotic-dependent fitness, and to further characterize the mechanism underlying reduced 180 susceptibility in mtr mosaics, we designed targeted amplicons for transformation from N. 181 meningitidis-like mosaic (GCGS0276) and a N. lactamica-like mosaic (GCGS0402). For 182 GCGS0276, the only locus within the mtrRCDE operon that was found to increase resistance to 183 azithromycin alone was mtrD ( Figure 3a ; Table 2b ). GCGS0276 mtrD in the 28Bl background 184 raised the MIC to azithromycin by 3 fold, from 0.125 to 0.5 μg/ml, yet no single region of mtrD 185 was able to produce the 0.5 μg/ml phenotype (Figure 3b ). However, inheriting amplicons that 186 contained both the 5' (18-356 bp) and 3' (2356-2724 bp) ends of GCGS0276 mtrD were together 187 sufficient to increase the 28Bl MIC to 0.5 μg/ml (Figure 3c Figure 3 ). GCGS0402 mtrD alone was not able to produce resistance in 28Bl. 192 Transformants that inherited the entire mtrRCDE operons of GCGS0276 and GCGS0402 193 had MICs of 1 and 2 μg/ml respectively, mirroring the donor strain phenotypes. Thus, amplicons 194 were designed for each of these strains to amplify the mtrD locus in combination with other 195 regions of the operon to determine the combination of loci that would reproduce the donor 196 resistance phenotypes. For both GCGS0276 and GCGS0402, we found that donor resistance 197 phenotypes of 1 and 2 μg/ml could be produced in 28Bl by transforming both mtrD and the mtr 198 promoter region together ( Figure 4 ; Table 2b ; Supplementary Figure 4 ). resistance by profiling gene expression via RNA-seq of 28Bl, 28BlΔGCGS0276-mtrD, and 203 28BlΔGCGS0276-mtrRCDE. As expression of the mtr efflux pump is inducible by exposure to 204 antimicrobial agents [37,38], we evaluated expression pre-azithromycin exposure and 120 205 minutes after the addition of a sub-MIC dose of azithromycin (0.125 μg/ml) to the culture media. 206
Across 24 libraries, a total of 106 million 50 bp paired-end reads mapped to the FA1090 207 reference genome. Each library had on average 4.44±3.49 million mappable reads. 208
We assessed the impact of mosaic mtrD on mtrRCDE mRNA expression by comparing 209 28BlΔGCGS0276-mtrD transformants to 28Bl, and found no significant differential regulation of 210 transcripts encoding mtr efflux pump components (Supplementary Figure 5 ; Supplementary 211 Table 3 ). To determine the effect of the mosaic mtr promoter on pump expression, we compared 212 28BlΔGCGS0276-mtrD and 28BlΔGCGS0276-mtrRCDE transformants ( Figure 5 ; 213 Supplementary Table 3) Using a combination of experimental and population genomic approaches, we 226 demonstrated that the mosaic mtr alleles are responsible for resistance and showed that the 227 mechanism of resistance involves multiple loci, including an epistatic interaction between the 228 mtrD component of the pump and the mtr promoter. Population genomics and phylogenetic 229 reconstruction demonstrated at least twelve independent acquisitions of mosaic mtr alleles, which 230 have introduced multiple rare mtr haplotypes from N. meningitidis and N. lactamica into the 231 gonococcal population (Figure 1 and 2) . 232
Despite the sequence divergence (8%) between N. meningitidis and N. lactamica-like 233 mosaics, mtr sequences from both generated azithromycin resistance through the same 234 mechanism. For the N. meningitidis mosaic, mtrD alone was able to raise the MIC of 28Bl to 0.5 235 μg/ml independent of transcriptional changes to the pump's regulation; with the donor phenotype 236 of 1 μg/ml only reproduced by adding the N. meningitidis mtr promoter region, which increased 237 expression of mtrCDE. Similarly, although acquisition of the N. lactamica mtrD was not 238 sufficient on its own to enhance resistance, transformation of both the mtrD and the mtr promoter 239 region yielded the donor's azithromycin MIC of 2 μg/ml. Thus, the mechanism of resistance in 240 mosaics is likely derived from both structural changes to mtrD coupled with promoter mutations 241 that result in regulatory changes to mtrCDE. 242
The full-length mtrD was required for resistance in GCGS0276 transformants, indicating 243 the role of within-gene epistasis, rather than a single point mutation, in generating azithromycin 244 resistance. Two regions at the 5' and 3' ends of GCGS0276 mtrD together increased the MIC of 245 28Bl to 0.5 μg/ml (Figure 3) . These two regions are part of the central pore of MtrD that 246 stabilizes the trimeric organization of the protein (PN1) and the outer periplasmic region of the 247 protein that may interact with MtrC to form a functional pump complex (PC2) [39] . Of note, none 248 of the mutations observed between 28Bl and GCGS0276 have been shown to contribute to 249 macrolide resistance in the orthologous proteins AcrB and MexB in other species, nor are they 250 located in the direct contact site (residue 616) for macrolide recognition (e.g., [40] [41] [42] [43] ). coupled with increases of rare mutations (Figure 1) . These signatures could be explained by the 253 recent acquisition of neutral diversity from closely related species, with too little evolutionary 254 time for the combined effects of recombination and mutation to break down linkage of sites 255 across imported DNA tracts, or the spread of these mutations to higher frequencies [44, 45] . 256 However, our experimental results confirm strong purifying selection on azithromycin plates after 257 inheritance of partial mosaic haplotypes, suggesting that some of the linkage within mtrCDE 258 observed in natural gonococcal populations may be driven by selection maintaining allelic 259 combinations that increase resistance to azithromycin. GCGS0276 mtrD (blue) or mosaic GCGS0276 mtrRCDE (teal) were exposed to sub-MIC (0.125 598 μg/ml) concentrations of azithromycin for 120 minutes. In both the presence and absence of drug, 599 the presence of the mtr promoter region results in significantly upregulated pump component 600 mRNAs (FDR < 0.0001). 601
